Nickel porphyrins have been extenstively studied as photosensitizers due to their long-lived metal-centered excited states. The multiplicity of the (d,d) state, and/or the rate of intersystem crossing between singlet and triplet metal-centered states, has remained uncertain due to the spin-insensitivity of many spectral probes. In this work, we directly probe the metal 3d shell occupation of nickel(II) octaethylporphyrin (NiOEP) using femtosecond M 2,3 -edge X-ray absorption near-edge structure (XANES). A tabletop high-harmonic source is used to perform 400 nm pump, extreme-ultraviolet probe transient absorption spectroscopy with ~100 fs time 3
INTRODUCTION
Metalloporphyrins are versatile molecules that can serve as chromophores, photocatalysts, or components of supermolecular electron and energy transfer arrays. [1] [2] [3] In nature they serve as redox-active sites of many biological systems. For example tetrapyrrole Ni is the basis of the Ni-F 430 cofactor, which serves as the active site of methyl-coenzyme M reductase and catalyzes the final step of biological methane production. 4 Other metalloporphyrins have been developed as photosensitizers for photodynamic therapy of cancer. 4, 5 Nickel porphyrinate species are distinct from other metalloporphyrins in that they undergo radiationless decay much more slowly than
Fe-and Co-based porphyrinates, but with a complete lack of the luminescence seen from other slowly-relaxing porphyrins such as Zn and Mn. 6 Previous studies have shown that the unique radiationless relaxation mechanism of nickel(II) porphyrinate species is due to the involvement of a long-lived d-d excited state, possibly through a short-lived LMCT intermediate.
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The functionality of metalloporphyrins relies heavily on their ability to form transient or stable axial bonds and full understanding of their function necessitates characterization of the ground and excited metal electronic structure at every step in the relaxation process. Photoexcitation of the Soret or Q-band of Ni porphyins populates the singlet S 1 /S 2 state followed by energy transfer into the metal d-manifold, forming a metal-centered (d,d) excited state that can either relax directly to the ground electronic state or form a transient but relatively long-lived spin-triplet sixcoordinate species. [10] [11] [12] In noncoordinating solvents such as toluene, photoexcited Ni porphyrins relax in hundreds of ps. [7] [8] [9] 13, 14 In the presence of coordinating solvents such as pyridine and piperidine, Ni porphyrins undergo photoinduced axial ligation several hundred ps after excitation to populate a six-coordinate 3 (d-d) excited state species with lifetimes of tens of ns. 7, 12 Work on four-and six-coordinate nickel porphyrins, primarily via ultrafast transient optical and K-edge XAS, has characterized the effects of axial ligation on the ground and excited electronic structure. Femtosecond K-edge XANES of NiTMP in a non-coordinating solvent showed that there exists a very short-lived (<300 fs) Ni(I) LMCT state amid the ~1 ps population of a vibrationally hot (d,d) state that undergoes vibrational cooling in ~20 ps. 8 An important remaining question is whether the singlet-triplet spin change occurs before or after axial ligation. While early picosecond transient absorption studies assigned the metalcentered state as a triplet due to its presumed energetics, later femtosecond work showed that the intermediate state was formed on sub-picosecond timescales. 8 This rapid formation was thought to be too fast for intersystem crossing in a system without the strong spin-orbit coupling of second-or third-row transition metals. 10, 15 However recent work has shown that ISC can occur drastically faster, within ~200 fs, in first-row transition metal complexes such as Fe II (bpy) 3 2+ due to strong spin-vibronic coupling. 16, 17 To the best of our knowledge, the spin state of the four- In this work, we use ultrafast tabletop M 2,3 -edge XANES of nickel(II) octaethylporphyrin (NiOEP) to show that the triplet metal-centered state is fully populated within 150 fs of photoexcitation, and exclude the presence of long-lived charge transfer intermediates. M-edge XANES measures transitions between the 3p and 3d orbitals of first-row transition metals, and we recently showed that it provides comparable element-, ligand field-, oxidation state-, and ligand field specificity to synchrotron-based L-and K-edge XANES. 18 This technique has been used recently to resolve ultrafast photophysics of heme model complex iron(III)tetraphenylporphyrin chloride 19 as well as carrier photophysics in metal oxide semiconductors such as α-Fe 2 O 3 , Co 3 O 4 , and NiO. [20] [21] [22] [23] [24] 
Methods
The broadband XUV probe shown in Figure 1 was generated via high-harmonic generation (HHG), using a tabletop instrument described previously. 18, 19 Briefly, a 1 kHz, 35 fs, 800 nm pulse is focused into a semi-infinite gas cell filled with 140 Torr Neon, where the strong electric field at the focal point generates a ∼20 fs XUV pulse (35−110 eV) with a flux of 10 5 photons/pulse at the sample position. Residual 800 nm NIR light is attenuated by a Si mirror and a thin metal filter. The high energy (HE) data set shown in the main paper spans 62.5 eV -90 eV and uses a 300 nm thick zirconium filter coated with 50 nm Al. An additional low energy (LE) data set shown in the Supporting Information spans 40 eV -72.5 eV and uses a 200 nm aluminum foil, consistent with our previous published work. These broadband XUV probes are shown in Figure 1 . Light is collected after transmission through the sample by dispersing the beam onto an array CCD detector. The spectrometer resolution is 0.25 eV FWHM as measured using the atomic absorption lines of Xe and Kr + . The 400 nm, ∼50 fs pump pulse was generated via second harmonic generation in an α-BBO crystal from a secondary output from the same fs NIR laser source. Samples were deposited as ∼100 nm thick films on Si 3 N 4 substrates and measured in transmission mode. Visible light transient absorption was performed using the same laser system, with the probe pulse generated in a sapphire plate. Further experimental details are given in the Supporting Information.
Results

Ground State M-edge XANES Spectra of Singlet and Triplet Nickel(II)
The 25, 26 , as opposed to square planar complexes which tend to be singlets. This singlet/triplet balance is sensitive to geometry (point group, crystal field parameters), electronic density distribution, and axial coordination. [26] [27] [28] Four-coordinate Ni II porphyrins in particular tend to be of singlet spin due to strong metal-ligand covalency that raises the energy of the d x2-y2 orbital.
Experimental and simulated M-edge XANES spectra of singlet NiOEP are shown in Figure   2A , with those of NiO in Figure 2B as an example of a triplet Ni II system. The spectra are shown after subtraction of a power-law background signal caused by photoionization of valence electrons; 18 the raw spectra are given in Figure S1 . The experimental spectrum of NiOEP shows three major peaks centered at 68.2 eV, 73.4 eV, and 79.6 eV. As will be described in detail in the next section, these features arise from the angular momentum coupling between the Ni 3p and 3d electrons, the symmetry of the ligand field, and the effect of metal-ligand covalency. The simulated spectrum reproduces the three-peak structure and peak-to-peak spacing, thought it underestimates the absorption strength of the higher-energy peaks and the post-edge region. The computational framework used in this work does not include 3p photoionization above the absorption edge, which causes this discrepancy at high energy. 18 The experimental NiO spectrum in in Figure 2B contains two main peaks at 66.8 and 69.9 eV. As in the case of NiOEP, the simulated spectrum is a good match for the experimental data. The M-edge spectra of high-spin complexes such as NiOEP are generally redshifted from those of low-spin complexes in the same oxidation state. This trend, also observed in L-edge spectra, is caused by increased exchange stabilization of the high-spin core-hole state. 18, 25, 29 A detailed diagram of the spectral assignments is shown in Figure 3 . These assignments, as well as the corresponding simulated spectra in Figure 2 , were performed using a version of the charge transfer multiplet code CTM4XAS 18, 30 Figure 3B shows the allowed M-edge transitions for triplet NiO using the same conceptual framework as NiOEP in Figure 3A . In this case the final spectrum has two major peaks at 66.4
and 70.3 eV that are largely derived from the free-ion 3 F u and 3 D u states, along with two weak transitions to 3p 5 3d 10 L states that are not resolved in the experiment. Further description of the semiempirical parameters used for these calculations, such as the ligand-field splitting parameters 10Dq, Ds, and Dt, is given in the Supporting Information. These parameters were taken from previous density functional theory calculations of NiOEP and from L-edge absorption spectra of NiO. The simulated spectra are relatively insensitive to 10-20% changes in these parameters.
Transient M-edge XANES
Transient M-edge XANES spectroscopy was performed on ~100 nm thick films of NiOEP thermally evaporated onto 50 nm thick Si 3 N 4 substrates. The sample was photoexcited at the porphyrin Soret band with a 400 nm, 50 fs pulse at a fluence 1.2 mJ/cm 2 to achieve an excitation fraction of ~20%. Time-zero and the instrument response function of 105 fs FWHM were determined using concurrent transient absorption of α-Fe 2 O 3 , which displays IRF-limited formation of a ligand-to-metal charge transfer state. 23, 24 Transient spectra at a range of pumpprobe delay times are shown in Figure 4A , with kinetic slices at selected energies in shown in Figure 4B . These spectra are analyzed using both single-energy kinetic fits and a global fit using a sequential These time constants are taken from the global fit (τ=1/k), and are summarized with fit uncertainties in Table 1 . These rise times are consistent with each otherwithin the ±9 fs uncertainty shown in Table 1 . Figure 6B shows the simulated difference spectra compared to the ground-state simulation. As shown in Figure 6C , the lowest-
In both electron configurations, the unpaired electron spins may be aligned parallel or antiparallel, leading to triplet or singlet excited states.
In the excited singlet states 1 B 1g and 1 E g , the simulated spectra retain the three-peak structure of the 1 A 1g ground state, with a ~1 eV redeshift of the entire spectrum compared to the ground state. The preservation of the three-peak structure for the excited state singlets implies that the change in orbital occupation has a minor effect on the spectra, such that the excited-state spectrum is largely a redshift of a qualitatively similar singlet ground-state spectrum. The triplet 3 B 1g and 3 E g simulations, on the other hand, show a large difference from the singlet ground and excited states. They closely resemble the NiO spectrum in Figure times. 7, 36 The major difference in the thin-film results is the long-lived spectrum, which we attribute to local heating in the film, in agreement with previous studies. 19, 35 This assignment is supported by additional transient visible data of a thin-film on glass, a substrate with better thermal conductivity than Si 3 N 4 . As shown in the Supporting Information, the early-time kinetics match those of the Si 3 N 4 sample but the final component lasts for only 2.2 ns.
Discussion
Nickel porphyrin photophysics are especially intriguing due to the multiple timescales of electronic and vibrational relaxation. The ν 4 symmetric pyrrole stretch is populated within the 3 ps instrument response of the experiment, while the ν 7 macrocycle breathing mode is populated after a delay of 2.6 ps. From a photochemical perspective, the sub-100 fs intersystem crossing revealed in this work implies that in coordinating solvents such as pyridine, the axial ligand binding occurs on an already-formed triplet state. This is in contrast to CO/CN binding in heme proteins, in which the ligand-binding event induces a spin-state change on the metal. 51 Finally, this work demonstrates the ability of femtosecond M-edge XANES to measure intersystem crossing in transition metal complexes. The competition in such systems between charge transfer, energy transfer, spin crossover, and vibrational relaxation depends strongly on the potential energy landscape of each electronic state and the coupling elements between them. The in-lab, tabletop convenience of high-harmonic sources will allow these parameters to be investigated systematically and enable rapid design of new molecules with new photochemical pathways.
Conclusions
Femtosecond M-edge XANES provides a sensitive probe of transition metal electronic structure in a convenient and accessible tabletop source. 
S1. Data collection and experimental details
At the sample position, the probe beam size was measured using a knife-edge scan to be 90 μm FWHM and the pump beam set to be ~200 μm FWHM. The sample was pumped at 5 mJ/cm 2 , corresponding to ~20% excitation per pulse. Nitrogen gas cooling is used to avoid sample ablation and/or to mitigate accumulative heating. Neither pump nor XUV-induced damage is observed under these conditions, as checked periodically during pump-probe data collection by measuring the XUV ground state absorption to confirm that there was no degradation. Time zero for the pump-probe experiment is determined using transient absorption of Fe 2 O 3 . The low energy (LE) data uses a 200 nm aluminum foil to filter residual driving NIR light, consistent with our previous published work. The high energy (HE) data uses a zirconium foil to filter residual NIR light; the 300 nm thick zirconium filter is coated with 50 nm Al to mitigate Zr foil burning/breakage. Data is collected from 45 to 125 eV by 0.2 eV bins. During processing ~4% of scans were discarded due to intense harmonic fluctuations by scanning the relevant range 65-85 eV and removing scans with deviations from the average greater than a ± 6 mA trimming factor.
The HE data set was collected over three days, the main data set collected in 2 days and totaling in roughly ~17 hours of data collection time including concurrent Fe 2 O 3 transient absorption. Data from the 3 rd day totaled 14 hours of data collection and covers just the 1 st ps with HE/LE NiOEP and α-Fe 2 O 3 ; it is shown later in this SI.
The LE data set used for thermal energy detection was performed under similar conditions, pumped with 400 nm at 3 mJ/cm 2 corresponding to a 10% excitation per pulse.
All ground state spectrum shown in the man paper are presented after subtraction of a power-law baseline that accounts for photoionization of the valence electrons. The raw absorption spectrum is shown in Figure S1 . S2. Sample preparation and characterization 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine nickel(II) chloride (NiOEP) was purchased from Sigma Aldrich and used with no additional purification. Samples of ~100 nm thick thin films were deposited on 100 nm or 50 nm Si 3 N 4 membranes via thermal evaporation using a homebuilt instrument. Static UVvisible spectra were taken to confirm sample identity. Transient UV-visible data was performed on similarly prepared samples on 100 nm Si 3 N 4 membranes and glass coverslips, or as a solution in DCM. Ground-state uv/vis spectra of these two sample environments are shown in Figure S2 . Attempts to collect a M-edge spectra for ground state triplet Ni(II) porphyrin were unsuccessful due to sample preparation difficulties. While six-coordinate NiOEP species with were synthesized according to published procedure, we were unable to spincast a sufficiently smooth film to collect a ground state Medge tabletop spectrum. A consistent delay of ~50 fs was observed in the NiOEP rise relative to that of Fe 2 O 3 . To confirm, an extra day of data collection (immediately after the other two days) was dedicated to collecting several runs of the 1 st ps at time-zero, iterating between α-Fe 2 O 3 with Al filter, NiOEP with Al filter, NiOEP with AlZr filter, and back to α-Fe 2 O 3 with Al filter. As shown in Figure S3 ,there is no discernable delay between the Al-filter and AlZr-filter NiOEP data. However, there is a clear shift between the NiOEP and α-Fe 2 O 3 absorptions. Figure S3 shows the transient XUV absorption of α-Fe 2 O 3 (shown in green) compared to that of NiOEP (black,red,blue), with the α-Fe 2 O 3 data scaled to match the Ni absorption. The Al filter cuts off at 72.5 eV and thus the NiOEP data from those runs does not include the 79.6 eV bleach.
The α-Fe 2 O 3 data was collected for a total of 3 hrs. The 41 time points span -0.2 to 0.6 ps. For this single day of data, the IRF fwhm was measured to be 80 fs. The NiOEP data for each filter is an average of 4 hrs of sum data collection time. The same range was used for each, 68 time points spanning -0.2 to 1ps. Even with the AlZr filter, the probe beam at 80 eV has lower flux and is thus somewhat noisier than the lower energy data. As was described in detail in a previous publication (J. Am. Chem. Soc., 2018, 140 (13) , pp 4691-4696), the shift in time zero between the NiOEP and α-Fe 2 O 3 is not due to geometrical misalignment of the two samples.
S4. Thermal heating signature in pre-edge region
In transient XUV/UV-vis data of thin films of metalloporphyrins, a thermal heating feature appears in 20-30 ps after excitation and lasts several hundred ps. 3 This feature is not seen in solution-phase samples, which allow better dissipation of heat than the thin film. In NiOEP thin films, the thermal feature manifests as a flat rise in the spectrum below the Ni absorption edge at 63 eV, as shown in Figures S4 (contour plot) and S5B (spectra at selected time points). 
{
This time constant serves as a measure of heat distribution to the thin film caused by intermolecular vibrational relaxation. Global fitting of the region from 50-62.5 eV to an AB kinetic model gives a rise time of 26 ps and a decay of 6.9 ns. As shown by the component spectra in Figure S6 , the initial spectrum (component A) is a flat line within instrument noise centered at ΔA=0, while the thermal signal (component B) is a featureless shelf at approx. ΔA=0.001. 
S5. Simulation details and Transition Diagrams with SO coupling
Charge-transfer parameters were based on analogy with L-edge spectra for Ni 2+ species. The three charge transfer parameters are: Δ, the energy of the secondary ground configuration relative to the first; U dd -U pd , the energy of the secondary core-hole configuration relative to the first in terms of the Hubbard U and which describe the balance between increased repulsion within the 3d orbital and decreased repulsion from the 3p orbital; and the hopping integrals (T(e g ) and T(t 2g ) for O h and T(b 1 ), T(a 1 ), T(b 2 ), and T(e) for D 4h ), also called the overlap or mixing integrals, which parameterize the mixing of the two ground and core-hole configurations. 4 The CTM simulation of a singlet Ni 2+ in D 4h was calculated with CT input parameters of Δ = 0, U dd -U pd = 2 eV, and T(b 1 )=1, T(a 1 )=2, T(b 2 )=2, and T(e)=2. Small variations of parameters did not lead to significant qualitative change in the simulated spectra. The simulation must incorporate CT to have the correct three-peak structure and singlet ground electronic state. In D4h, .7 eV, Δ = 3, U dd -U pd = 0 eV, and T(e g )=2.2, T(t 2g )=1.1. 4 The calculated 3p3d transition energies and oscillator strengths are shown in Figure 3 for both NiOEP and NiO. For high spin Ni, the 3d9L contribution is ~10%. For low spin Ni, the 3d9L contribution is ~50%. This is consistent with the percent contributions for the singlet or triplet configurations as seen with L-edge spectroscopy. 
S7. Transient visible spectroscopy A) On glass substrate
A long-lived component of the visible transient absorption spectra of the ~100 nm NiOEP film is observed that is not present in solution. The long-lived thermal component is present in samples deposited on both the Si 3 N 4 membranes and on a glass coverslip. In the former, the lifetime of the thermal feature is ~12 ns (too long to accurately observe in our 6-ns window) for the 100 nm Si 3 N 4 membrane and a shorter ~2.2 ns for the glass coverslip, reflecting the better thermal conductivity of the glass relative to Si 3 N 4 .
The spectral slices and global fit component spectra are shown in Figure S9 .
B) Kinetic slices and global fit Figure S10 shows the kinetic slices at selected wavelengths for the transient visible absorption spectroscopy of NiOEP in solution and as thin films on Si 3 N 4 and glass. The global fit is plotted in black; see the main paper for the global fit component spectra. The spectral slices reported in figure 7 of the main paper are reproduced for convenience. The NiOEP films on Si 3 N 4 and glass show near-identical kinetic traces, with only a small change in the enduring thermal feature. Differences in the film/solution dynamics are attributed to differences in vibrational relaxation due to the different molecular environments. Figure 10E is reproduced from Figure 9A to match the other subfigures
